Introduction
India harbors many rare, endemic and endangered medicinal plants. Many of these are overexploited and facing serious threat of extinction due to anthropological and environmental issues. Couroupita guianensis Aubl. (Lecythidaceae, Brazil Nut Family) is a threatened tree worldwide (Mitre 2012; Rai 2014) . It is large, deciduous, magnificent evergreen tree, growing to a height of 20 m. This bears a large cluster of flowers in cauliflorous inflorescence with stunning fragrance (Sai et al. 2011 ). The tree is commonly known as Cannon ball tree due to its cannon ball like fruits. Naglingam, Ayahuma, Kailaspati, Calabasse Colin etc. are other known names of this plant in India (Lim 2012) .
The cannon ball tree is native to the rainforests of central and South America and distributed in Amazonian Colombia, northern Venezuela, Guyana, Surinam, French Guiana, Amazonian Ecuador, Amazonian Peru, and eastern and southwestern Amazonian Brazil (Sathe et al. 2013) . It is a popular ornamental plant in Caribbean and South-East Asian botanic gardens and listed as a rare tree and flower in India (Shah et al. 2012; Shete et al. 2013 ). This tree gathers highlights due to unique types of fruits, inflorescence and attractive structure of the flower with pleasant aroma (Santosh 2011; Gousia et al., 2013) . It is a keystone species of forest ecosystem which provides food and shelter to many birds and the animals.
C. guianensis gains traditional importance because it cures skin diseases, cold, stomach ache, tooth ache and infections (Umachigi et al. 2007 ). This plant endowed with many important properties like antimicrobial, antifungal, antiseptic (Khan et al. 2003; Kavitha et al. 2011) , antidepressant (Sivakumar et al. 2012) , antimalarial, antihelmintic, anticancer (Velliangiri and Subban 2012) and immune modulatory activities (Pradhan et al. 2009 ).
The whole plant contains several chemical constituents with novel structures and possesses bioactive moieties; including stigmasterol, eugenol, linalool, isatin, indirubin, fernesol, nerol, quercertin, saponins, tryptanthrine, indigo, linoleic acid, α-and β-amirins, carotenoids, sterols, flavonoids, phenolics etc. (Jayashree et al. 2001; Rane et al. 2001; Ahire and Laddha 2002; Desal et al. 2003; Rajamanickam et al. 2009; Mariappan et al. 2012) .
The magnificent flowers (known as Nagalingam) have attracted the people religiously in India because the staminal sheath resembles the hood of the King cobra (Naga), a sacred snake, protecting the reduced stigma (Linga of Lord Shiva) and its aroma pushed them to grow it as ornamental tree around the temples (Santosh 2011; Santosh et al. 2013) .
Due to extraordinary medicinal properties this plant was over exploited which resulted in dramatic reduction of its natural population. Increasing human and livestock populations and environmental disasters have also affected the status of C. guianensis in the wild. The Government of Puducherry (India) has declared C. guianensis flower (Nagalingam flower) as the Official State Flower to conserve this valuable tree under natural habitats in South India (Deepa 2007) .
Natural propagation of C. guianensis is very slow. In nature, the plant is propagated by seeds only and the viability of seeds is very low. Seeds have short life span due to recalcitrant nature which cannot be dried well and cannot withstand low temperatures (Gousia et al. 2013 ). Muniswamy and Sreenath (2000) were unable to germinate Cannon ball seeds in the soil.
The prime objective of the present study was to conserve this threatened keystone species by micropropagation and ex vitro rooting methods and this is the first report on efficient micropropagation of C. guianensis.
The different environmental conditions during in vitro and in the field greatly affect the success of micropropagation. The altered morphology, physiology and anatomy of micropropagated plants could be achieved by gradual hardening process from the greenhouse to the field. Greenhouse and field environments are stressful to micropropagated plants compared to in vitro conditions (Chirinea et al. 2012) . The in vitro heterotrophic conditions are responsible for physiological and structural modifications (Yokota et al. 2007) . Recent studies have shown the differences in morphology and anatomy of in vitro regenerated plants and the plants growing under in vivo conditions (Rathore et al. 2013; Lodha et al. 2015) . The present research also aimed to investigate the foliar epidermal micromorphological developments occurred in plantlets cultured in vitro and field transferred.
Materials and methods

Collection of plant material
With prior knowledge, field trips were conducted to select the superior and mature trees of C. guianensis. The plant materials were collected during the period of December, 2011 to April, 2014 from the Coromandel Coast (Kanchipuram, Villipuram, Puducherry, Cuddalore, Nagapattinam and Karaikal districts) of the South India. The area lies on the geographical coordinates of 11°55′ 48″ N, 79°49′ 48″ E. The mature fruits (Fig. 1a) and fresh shoots were transported to the laboratory. The explanting materials employed in this study were mature seeds, apical shoots and nodal segments (Fig. 1b, c and d) .
In vitro seed germination
The fruits were broken and seeds were separated from the white creamy/sandal pulp. Seed coat hairs were removed with help of soft brush. The seeds were washed 5-7 times with water to remove the unwanted debris. These seeds were treated with 0.1 % (w/v) Bavistin solution (Systemic fungicide, BASF India Ltd.) for 7-8 min and surface sterilized with 0.1 % (w/v) mercuric chloride (Qualigens Fine Chemicals, India) for 5-6 min under laminar air flow cabinet (Technico Pvt. Ltd. Chennai, India). These were washed with autoclaved water for 8-10 times. For germination, the surface sterilized seeds were inoculated on agar gelled (agar 0.8 %) full and half strength MS basal media (Murashige and Skoog 1962) ) and incubated under dark field at 25 ± 2°C temperature.
Preparation of nodal segments and apical shoots as explants
The nodal shoot segments (2-3 cm long) with at least 2-3 nodes per explant and apical shoots were used for culture initiation. The explants were washed with Tween® 20 (Sigma Aldrich, India) detergent solution for 8-10 min and thoroughly washed with sterile water. After that, the explants were treated with Bavistin (0.1 %) for 7-8 min and surface sterilized with 0.1 % HgCl 2 for 5-6 min under laminar air flow cabinet and washed with autoclaved double distilled water for 8-10 times. The sterilized explants were inoculated on MS medium supplemented with different concentrations of cytokinins ranging from 1.0 to 5.0 mg l Spectral Flux Photon (SFP) light intensity at 25 ± 2°C temperature.
Multiplication of shoots
The initiated axillary/apical shoots, were multiplied in vitro on agar gelled MS medium by a repeated transfer of mother explants with regenerated shoots, which is followed by subculturing of shoot clumps on MS medium with different concentrations of cytokinins such as BAP and Kin (ranging from 1.0 to 3.0 mg l ). Experiments were also conducted to evaluate the effects of Woody Plants (WP) medium (Lloyd and McCown 1980), supplemented with above mentioned growth regulators for multiple shoot induction and further multiplication of cultures.
Induction of roots from the shoots (in vitro)
The healthy, long (3-4 cm) and sturdy shoots were separated from the bunch of multiplied shoots. These were inoculated ) was also added to the medium for better root initiation. The entire rooting experiments were kept in dark for one week at 25 ± 2°C temperature. After 4 weeks of culture, number and length of roots were measured.
Ex vitro rooting and hardening of plantlets
Experiments were also conducted to attain ex vitro rooting from the dissected ends of in vitro raised shoots to achieve rooting and acclimatization simultaneously. Indole-3 butyric acid, IAA and NAA ranging from 100 to 600 mg l −1 was used for pulsing (5 min) to induce roots from the cut ends of the shoots. The pulse treated shoots were transferred to horticultural plastic cups/pots (size 150 ml; Vandana Paper Products, Chennai, India) containing 55 g autoclaved soilrite® (a mixture of perlite, Irish Peat moss and exfoliated vermiculite; KelPerlite, Bangalore, India), moistened with 10 ml aqueous 1/4th MS salts solution by the interval of one week and maintained in the greenhouse for five weeks. The relative humidity (80-85 %) and temperature conditions (25 to 28°C) were maintained in the greenhouse. The in vitro rooted plantlets were taken out from the culture vessels after 5 weeks and washed with sterile distilled water to remove nutrient agar from the roots. These plantlets were transplanted immediately to the paper cups containing soilrite® which were moistened with aqueous solution of 1/4th strength of MS basal salts. These were kept in the greenhouse for acclimatization for about 5 weeks. The rooted plantlets were further transferred to nursery/horticultural plastic pots containing garden soil, soilrite® and manure in the ratio of 1:1:1 for hardening.
Foliar micromorphological studies of in vitro grown and field transferred plants
Experiments were conducted to study the micromorphological changes during leaf development like venation pattern, stomata and trichomes in leaves of plants developed in vitro after 4 th subculture in multiplication phase and hardened plants in the field after 6 th week. Plants were randomly selected for the micromorphological experiments from both the environments. The entire leaves (10 from each stage of plantlets) at third to seventh leaves from the base were excised manually for all the experiments. To observe the changes in structure and functioning of developing stomata, epidermal peels were separated manually by standard traditional method (Johansen 1940) from leaves under in vitro as well as field transferred plants. For venation study, leaves were fixed primarily in Formalin acetic acid solution, FAA (1:1:3) and cleared in 70 % ethanol (v/v) until the chlorophyll was removed (12-24 h), bleached with 5 % (w/v) NaOH for 24-48 h, and rinsed three times in distilled water (Sass 1940) . The leaves were then stained with 1 % safranine (Loba chemie, India) aqueous solution for 4-8 min and rinsed carefully in water to remove excess stain and then mounted in distilled water and examined under microscope (Labomed iVu 3100, USA).
Experimental design and statistical analysis
The experiments followed in this study were laid down according to completely randomized block design (RBD) in case of single factor experiments (Compton and Mize 1999) , with a minimum of 10 replicates per treatment and were repeated thrice. Data were subjected to analysis of variance and the significance of differences was calculated by Duncan's Multiple Range Test using SPSS software (version 16.0).
Results and discussion
Explants selection and establishment of culture
The effective selection of explants is the basic requirement for any plant propagation protocol (Jiang et al. 2012) . Cultures of C. guianensis were established from the embryos of the seeds, nodal segments and apical shoots. Seeds collected from the mature Cannon ball fruits in the months of November to January recorded maximum (100 %) seed germination under in vitro conditions in the present study. This could overcome the seed viability issue in C. guianensis because all the seeds were germinated (Fig. 2a, b ) when these were properly cleaned, washed and treated with HgCl 2 and inoculated on half strength MS medium for 10-12 days incubated in the dark environment. John et al. (1997) suggested cold treatment at 15°C for 72 h for bud breaking in woody trees. However, we observed poor response of seeds that were treated with low temperature as compared to untreated seeds. The seeds were germinated in vitro on half strength MS medium with 2.0 mg l −1 IBA (Fig. 2c, d and e, Table 1 ); whereas all other growth regulators were less effective to in vitro seeds germination.
The physiological status of explants plays significant role in the establishment of cultures (Smith 2000) . The apical shoots and nodal segment explants were more responsive/ Mean separation was analyzed by ANOVA using SPSS software (var. 16.0) and significance variation between the concentrations was studied using DMRT at 0.05 % level regenerative which were collected in the months of June to September. The seasonal effect on culture establishment has also been reported in Azadirachta indica (Arora et al. 2010 ),
Celastrus paniculatus (Phulwaria et al. 2013 ) and Morinda coreia (Shekhawat et al. 2015a) . It was observed that nodal segments with one node died due to the effect of HgCl 2 during surface sterilization but the middle nodes were survived even after HgCl 2 treatment when the nodal explants were used with 2-3 nodes. The size of explants after removal of upper and lower node was about 0.6 to 0.7 cm long (Fig. 3a) . About 90 % bud break was achieved within 2 weeks of inoculation on MS medium supplemented with 4.0 mg l −1 BAP and 4.1 ± 0.23 shoots were regenerated from the node of the explant on this medium combination (Fig. 3b , c and d, Table 2 ). Apical shoots also responded in similar way but the number of shoots were less (1-2) as compared to the nodal explants (Fig. 3e, f and g ). However, MS medium containing both auxins and cytokinin was reported less effective in bud break and induction of multiple shoots from the apical and nodal meristems. The effectiveness of BAP over Kin in bud breaking and shoot proliferation has been well documented in several plant species (Singh and Tiwari 2012; Shekhawat et al. 2015b; Patel et al. 2014 ). The rejuvenation of meristem was achieved in plants by selecting the age of the mother plant, nature of explant, season of explant collection, plant growth regulators and additives (ascorbic and citric acids, adenine sulphate and arginine) used (Arya et al. 2002) .
Multiplication of shoots in cultures
The regenerated fresh shoots with mother explants were multiplied by three methods. (i) The in vitro germinated seedlings were used to multiply the shoots, (ii) subculturing of the 16.0) and significance variation between the concentrations was studied using DMRT at 0.05 % level in vitro produced shoots from nodal and apical meristems, and (iii) repeated transfer of mother explants and shoot clumps on fresh medium. The young seedlings were cut into small segments and these were placed on MS basal medium with different concentrations of BAP and Kin with or without NAA but very less number of shoots were regenerated. The fresh shoots were excised from the mother explants and transferred to the shoot multiplication medium comprised of MS medium augmented with 1.0 mg l −1 each BAP and Kin +0.5 mg l −1 NAA with additives. The mother explants were also inoculated on this media combination for 3-4 cycles. This media combination significantly enhanced the proliferation of shoots in cultures (Fig. 4a, b, c and d) . The maximum number of shoots (8.2 ± 0.17 shoots/culture) were produced when the mother explants were subcultured on fresh medium (Table. 3). Shoot multiplication during repeated transfer may be due to inhibition of apical dominance which stimulates basal dormant meristematic cells to produce young shoots (Phulwaria et al. 2013 ). This approach for shoot multiplication has been used in several plant species (Panwar et al. 2012) . Low concentrations of BAP and Kin (1.0 mg l −1 each) promoted shoots multiplication and also minimized the hyperhydricity in cultures. It was found that the subculturing was necessary within 30 to 35 days to avoid nutritional deficiency in cultures. The cultures were maintained on MS medium supplemented with 0.5 mg l −1 NAA + 1.0 mg l −1 each BAP and Kin at 25 ± 2°C under 40-50 μmol m −2 s −1 SFP. The present study showed that BAP and Kin were necessary for the regeneration of shoots and the incorporation of NAA enhanced multiple shoot formation. WP medium was also tested with above concentrations of plant growth regulators but it was not found suitable in terms of induction, multiplication and proliferation of shoots in cultures as compared to the MS medium.
Rooting of in vitro regenerated shoots
Half strength MS medium was found superior as compared to full strength medium for rhizogenesis in C. guianensis. Strength of MS medium appeared to be an important factor in influencing the rooting efficiency. Auxins are mainly used in root induction and their effect varies with type and concentration used in different plant species (Swamy et al., 2002; Patel et al. 2014 ). However, a very low concentration of exogenous auxin is required for better root induction. The shoots were rooted on half strength MS medium fortified with 2.5 mg l −1 IBA + activated charcoal (Fig. 5a , b, c, and d). About 97 % of the shoots were rooted on this medium. Mean separation was analyzed by ANOVA using SPSS software (var. 16.0) and significance variation between the concentrations was studied using DMRT at 0.05 % level
The root initiation was visible on 15 th day of inoculation and 4.3 ± 0.26 roots were observed from the cut ends of each shoot (Table. 4 ). Whereas, 46 % of the shoots were rooted on half strength MS medium +2.0 mg l −1 IAA containing medium and 3.1 ± 0.22 roots were induced on this media combination.
Auxins play an important role in induction of roots from the cut ends of in vitro raised shoots (Misic et al. 2006; Arikat et al. 2004 ). Incorporation of activated charcoal in medium helps in balancing the pH level as well as improves the nitrogen absorption by the shoots and induces rooting (Thomas 2008) . The shoots rooted the best at 25 ± 2°C temperature under diffused light conditions. Mean separation was analyzed by ANOVA using SPSS software (var. 16.0) and significance variation between the concentrations was studied using DMRT at 0.05 % level
Ex vitro rooting and acclimatization of plantlets
Rooting and acclimatization could be achieved simultaneously using ex vitro rooting method (Baskaran and Van Staden 2013) . IBA was reported better auxin for ex vitro root induction as compared to NAA and IAA. About 92 % shoots were rooted (7.3 ± 0.23 roots per shoot) when treated with 400 mg l −1 IBA for 5 min (Fig. 5e , f, Table 5 ). Generally, ex Plantlets rooted under an ex vitro environments are better suited/adapted to the natural conditions and environmental stresses, and therefore easy to harden (Yan et al. 2010) .
These have more vigor to tolerate stresses experienced during hardening stages. It has been reported that ex vitro rooted plants are better suited to tolerate environmental stresses (Baskaran and Van Staden 2013) . Shekhawat et al. (2014 Shekhawat et al. ( , 2015b have successfully achieved ex vitro root induction in Melothria maderaspatana, Turnera ulmifolia and Morinda citrifolia. It is a cost effective technique which could save labor, time and energy in in vitro plant propagation system (Ranaweeraa et al. 2013) .
In vitro rooted plantlets were transferred to the greenhouse for hardening of plantlets and then to the nursery polypots after five weeks (Fig. 6a, b) . The plantlets were hardened in the greenhouse for about two months. During hardening about 85-90 % of the ex vitro plantlets and 73-75 % of in vitro rooted plantlets survived (Fig. 6c,  g ) and the hardened plants were finally shifted to the field (Fig. 7a, b) . 
Micromorphological studies
Hardening and field transfer allows the micropropagated plants to attain developmental changes in gradual manner (Kevers et al. 2004; Rathore et al. 2013; Lodha et al. 2015) . Morphologically the leaves of in vitro regenerated plants and field transferred plants resemble each other in terms of shape, clustered (Leptocaul form of leaves) with pointed tip and tapering base. The leaves of C. guianensis were amphistomatic and the stomata restricted to the intercostal areas, facing all directions and distributed irregularly.
Microscopic evaluation of foliar epidermal study revealed the presence of highly undulated epidermal cells with sinuous anticlinal walls on abaxial epidermis of field transferred plants, but the in vitro cells were comparatively less undulated. Axial parenchyma cells were elongated, rectangular or polygonal in shape. Epidermal cells were tightly packed, highly sinuous, amoeboid and small in size in field transferred plants. Anomocytic stomata were predominant with higher stomatal frequency in in vitro grown leaves than the field transferred plants. Contiguous stomata were frequent but giant stomata rarely observed in in vitro leaves, such abnormalities were rare or completely absent in field transferred plants. Anomocytic and teteracytic stomata were predominant in field transferred plants, whereas anomocytic and anisocytic type of stomata predominant in in vitro leaves. Sathe et al. (2013) reported the presence of anomocytic stomata on upper and lower epidermises in C. guianensis. Regina (2014) observed the presence of anomocytic stomata with indistinct epidermal cells but clear and distinct subsidiary cells were reported in vitro and in field transferred plants in this study.
The stomata of leaves under in vitro conditions were generally opened and comparatively more frequent as compared to field transferred plants (Fig. 8a, b) . The increased stomatal frequency on the abaxial surface is probably an adaptation to water loss. Malfunctioning of stomata, poor stomatal functioning and altered morphological and anatomical characteristics of in vitro grown plants resulted in insufficient photosynthetic capacity to achieve positive carbon balance (Pospisilova et al. 2000) .
Presence of calcium oxalate crystal and druses are frequent in C. guianensis cells (Regina 2014; Sathe et al. 2013) . Crystals were mostly distributed in axial parenchyma but these were also present in some epidermal cells (Fig. 8c, d ). Richter and Dallwitz (2000) also reported presence of one prismatic crystal in each axial parenchyma cell. The vein density and distinct vein-islets were increased during the hardening process of plants. The midrib was fairly prominent and projecting on abaxial surface; veins and vein-islets were fewer in in vitro than the field transferred plants (Fig. 8e, f) .
The trichome density increased from in vitro to field environment. These were uniseriate, unicellular, less frequent and underdeveloped in in vitro conditions, became fully developed, unicellular as well as multicellular tufts of trichomes in field transferred plants within 6 weeks (Fig. 8g,  h ). Distinct and clear oil droplets were observed in the epidermal and the guard cells in the in vitro leaves. These in vitro structures sometimes show affinity between species and define their position in given species (Johansen 1940) .
Conclusion
Increasing demand and importance to traditional medicine in the recent years has threatened the survival of some tree species. The traditional conventional plant propagation methods are affected by biotic and variable environmental factors. This report describes the in vitro seed germination methods in C. guianensis where seed viability is very low in nature, and an efficient in vitro propagation protocol using nodal meristems as explants. The shoots were rooted ex vitro could save time, labor and energy in production of plantlets. The results of micromorphological studies could help in understanding the response of plantlets when these were transferred to the field environments. The protocol can be used for conservation strategy to increase the natural population of this threatened medicinal tree.
